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Wv AIMSIRAC? (C&Wftmod) 7 For the 4.3-nim-thick film deposited on the crystal's basal-plane surface, the angular dependence of the photoelectron emission is the same as the substrate's-I indicating preferred orientation within such film . Angular distribution studies for thicker film on steel substrates are consistent with previous Auger electron spectroscopy results and confirm the presence of oxide film of different thickness on lubricant film with varying orientations.* The angle-dependence data were fit to models that describe the structure and composition of the film' surfaces.
I. INTRODUCTION
The chemical, structural, and tribological properties of sputtered molybdenum disulfide (MoS 2 ) films have been studied extensively. 1 -7 In general, the lubrication properties of films improve as the stoichiometries of the films approach that of pure MoS 2 . Specific results of surface analyses and microscopy have demonstrated that sputter-deposited films can have substantially different reactivities (i.e., oxidation chemistries) and different endurance lives during standard sliding wear tests. Auger electron spectroscopy (AES) and x-ray photoelectron spectroscopy (XPS) measurements have been used to formulate a descriptive model of MoS 2 film oxidation that is based on the geometrical orientation of crystallites composing the films with respect to the plane of the substrate surface. 5 , 7 Calculations of AES and XPS peak intensity ratios shoved that 200-to-thick films oriented with their basal planes parallel to the substrate plane are oxidized in humid air to a depth of only 1.0 to 1.5 um, whereas films with random crystallite orientations are oxidized to depths exceeding 30 am. 7 " Crystallite orientation has also been applied to describe variations in wear properties of the films. 5 It was
proposed that optimal films would have crystallites oriented parallel to the substrate surface, an orientation that would extend throughout the depth of the film from the initial layers in contact with the substrate out to the outer surface in contact with the environment. Achieving such preferred orientation requires proper bonding to the substrate and careful control of the deposition conditions so that the films have uniform structures.
The primary objective of this work is to determine the bonding and deposition conditions that result in properly oriented films on substrates of practical importance, such as bearing steels. To achieve this goal it was first necessary to develop a convenient technique for examining the films' interfacial layers and crystallite structures and to correlate the examination results with the electron distributions between the substrate metal and the sulfur or molybdenum atoms of the fil. The correlation will determine the strengths and geometrical arrangement of the bond between the two constituents. strates. 5 ,6 The targets were made from hot-pressed MoS 2 powder (99.9 percent pure), were 254 me in diameter, and were bonded to copper plates. The specimens to be coated were located 25.4 mm below the target on a grounded block. A 5-kVA dc power supply was used to sputter etch-clean the samples before coating. These films were analyzed extensively by AES and XPS after storage in air at 0 percent relative humidity for 9 to 12 months. 7 The films were stored an additional 5 months under the same conditions before the angleresolved XPS measurements reported here were made. Thinner films, ranging from -4.3 to -17 nm in thickness, were prepared in-house on molybdenite single-crystal or 440C steel substrates with a sputtering apparatus similar to that used for the thicker films but with the following differences: a gas purifier was installed in the argon supply line; a shutter was incorporated in the chamber, and the 152.4--r-diam MoS 2 target was conditioned by presputtering on the shutter for 45 to 50 mln; the chamber was evacuated to a pressure of 1.6 x 10 -3 Pa before sputtering; the argon pressure during sputtering was 2.1 Pa; and the sputtering rate was -20 nmemin -1 for an rf power density of 2 W'cm -2 . Single-crystal substrates, -0.5 me thick, were cleaved from a thicker specimen and placed on the substrate table of the sputtering system immediately before chamber evacuation. The MoS2 film was deposited onto the basal plane of the crystal. Stainless-steel substrates were polished optically flat to a mirror finish.
X-ray photoelectron spectra were obtained with a GCA/McPherson ESCA-36 spectrometer modified by the addition of a position-sensitive, multichannel detector, 8 which increases the signal-to-noise ratio and decreases considerably the time to obtain a spectrum, thereby enabling relatively weak signals to be measured at low takeoff angles. Freshly cleaved molybdenite single crystals were examined by the angleresolved technique to provide references for subsequent measurements and to establish the technique's feasibility.
III.
ANGLE-RESOLVED SPECTRA
Standard XPS measurements are made with a constant takeoff angle, say,
45
, and produce a spectrum like that of the basal plane of a molybdenite crystal (Fig. 2) . Additional information concerning the electron orbitals involved in the photoelectron transition and any layering of the atoms composing the surface under analysis can be obtained by measuring XPS or UPS spectra at different takeoff angles. 9 ,1 0 Here, angular variations in the intensities of XPS peaks are used to characterize the crystallites of MoS 2 films as being oriented with their basal planes parallel to the substrate surface or in a random configuration, and to characterize the oxidation processes on these different types of film.
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235 231 227 165 161 BINDING ENERGY, eV Changes occurring in a material's chemistry can be determined from the values of the binding energies of peak maxima, data on peak shape, and ratios of peak intensities. [5] [6] [7] Such changes could be associated with adsorption onto, reaction of, or diffusion into the surface. Some information on depth, for example, approximate MoS 2 film oxidation depth, can be determined from calculations of emitted-electron attenuation caused by scattering by atoms that overlay the emitting atom and from measurements of such attenuations for electrons of different energies. 
where t 1 is the thickness of the emitting layer (B), t 2 is the thickness of the overlayer (A), A is the escape depth for the electrons emitted from elex ment x, and K contains terms for the excitation cross section, the number of emitting atoms, and the spectrometer analyzer. Equation (1) is valid for the case when electrons emitted along the surface normal are analyzed. More precise depth information can be obtained if the sample is rotated so that the takeoff angle is less than 90*; then the apparent layer thickness, the distance into the surface from which electrons may escape, must be adjusted to account for the detection angle. The adjusted thickness t' is given by:
t' -t/sin e (2) where 8 (see Fig. 1 sulfide within the analysis depth of a typical film can be calculated from the XPS spectra, using the crystal spectrum ( Fig. 2) as a reference. The integrated intensity ratio for the 3d 5 / 2 -to-3d 3 / 2 peaks of molybdenite is 1.55:1, which agrees with the theoretical value of 1.5:1. The peak-to-peak ratio is approximately 1.8:1. The analogous peak-to-peak ratio for a fully oxidized film is 1.51:1. Using these ratios and assuming the presence of only two Mocontaining substances in a partially oxidized film, one can calculate the ratio of Mo(IV) to Mo(VI), or MoS 2 to M003, for any film. The data of Fig. 3 evidence that these ratios vary as a function of the takeoff angle of analysis, especially for Type II films. Type II films are much less oxidized than Type I after 1.5 years' storage in dry air, and the strength of the sulfide signal increases significantly relative to that of the oxide as the takeoff angle approaches 90 deg, meaning that the thickness of the oxide layer on the film's surface is comparable to the electron-escape depth.
The oxygen spectra for partially oxidized MoS 2 films are composed of at least two peaks, one for oxide oxygen (02-) at a binding energy of -531 eV and one for adsorbed oxygen (or OR) at -532 eV. Changes in the relative intensities of the oxygen peaks as the takeoff angle is varied provide another indication of the oxide (presumably 14o03) layer thickness. Normally, the closer the takeoff angle is to the surface normal, the greater is the strength of the oxide signal relative to that of the adsorbed layer, because the adsorbed layer is presumed to cover the oxide or sulfide or both. 
where t 2 is the thickness of the MoO 3 layer. The variation in this ratio with takeoff angle e can be expressed by combining Eqs. The fit of Eq. (4) with t 2 -1.2 n to the data for the Type II film is very good, considering the model's simplicity. The deviation at the smaller takeoff angles can be attributed to less than 100 percent oxidation of the film or to the presence of voids (discontinuities) in the oxide layer, or both. That the best fit for these data corresponds to a 1.2-rm-thick oxide layer over the HoS 2 , agrees excellently with the results of AES and XPS measurements on a variety of films at constant angle, for which calculations indicated an oxide layer 1 to 1.5 im thick for Type 11 films and ) 30 n thick for Type I films. 7 
16
V. LAYERING OF SULFUR AND MOLYBDENUM ATOMS
Pure molybdenite (MoS 2 ) has a hexagonal, layered crystal structure, with planes of S and Mo atoms alternating. The outermost layer for the basal surface is S atoms with a layer of Mo and then two S layers followed by another Mo layer and so forth. 12 This layered arrangement affects the relative intensities of both Auger electrons and photoelectrons emitted from the respective elements.
,13
The measured S:Mo peak intensity ratios are much larger than the 2:1 stoichiometry would indicate, even after correcting for the standard sensitivity factors, 14 partly because the outer S layer scatters Fig. 7; i.e., the full widths at half maxima) compared with those for the bare substrate ( 
VII. CONCLUSIONS
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